In order to investigate the diffusivity of both W and Re in Ni-based superalloys, interdiffusion coefficients in Ni-Al-X (X ¼ Re, W) ternary system, which is the fundamental system of Ni-based superalloys, were measured by an experiment using diffusion couples. A modified ternary Boltzmann-Matano method was employed for the evaluation of the interdiffusion coefficients. In the phase of Ni-2.5Al-4.3Re and of Ni-2.4Al-3.3W (mol%), the major interdiffusion coefficients were estimated to beD D The interdiffusion coefficients give the Wagner's interaction parameter between Re and Al, and between W and Al as " ReAl < " WAl < 0, indicating that the ordering tendency exists between Al and Re, and between Al and W.
Introduction
Both W and Re are important elements for strengthening Ni-based superalloys. The chemical properties such as melting point and density of these elements are similar to each other due to their neighboring location in the periodic table. However, the effects of Re on the properties of the superalloys and the behavior in the alloys are very different from those of W. For example, Re and W segregate in the dendrite core, but the homogenization of Re is much more difficult than that of W. 1) Also Re improves the hot corrosion resistance whereas W deteriorates it. [2] [3] [4] In order to understand the alloying behavior of these two elements, it is important to make it clear the diffusivity of the two elements in Ni-based superalloy. The diffusivity is related to not only the homogenization behavior but also the stability of the coating layer on the base metal. From this background, the purpose of this work is to measure the diffusivity of Re and W in Ni-Al-X (X:Re,W) ternary system, which is the fundamental system of Ni-based superalloys.
Theory
In this study, a modified ternary Boltzmann-Matano method was adopted to evaluate the interdiffusion coefficients. This method permits to evaluate them without the determination of Matano plane, and hence the accuracy of the evaluated values can be elevated.
According to Whittle et al., 5) the relations among interdiffusion coefficients and the experimental values obtained from the concentration profiles can be expressed by the following equations.D From eqs. (1) and (2) adopting the experimental data obtained from the two different diffusion couples, we can calculate the interdiffusion coefficients at the composition of the cross point of two different diffusion paths obtained from the concentration profiles measured by the two diffusion couples.
Experimental Procedure
Pure Ni, Ni-5Al and Ni-5X binary alloys, and Ni-5Al-5X (X:Re,W, mol%) ternary alloys, which are in the phase at 1250 C, were prepared by arc melting in high purity argon atmosphere. Plate specimens were cut from the ingots. The homogenization and grain growth in each specimen was accomplished by a cold rolling followed by an annealing at * 1 Graduate Student, Nagoya University * 2 Undergraduate Student, Nagoya University
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C. The rolling rate was 4% for pure Ni and Ni-5W, and 20% for Ni-5Al and Ni-5Al-5W. The annealing duration was 24 h for pure Ni and Ni-5Al, whereas 48 h for Ni-5W and Ni5Al-5W. On the other hand, the Re containing alloy was rolled up to 50% and then annealed for 168 h at 1250 C, and moreover rolled by 15% and then annealed for 70 h at 1250 C. Diffusion couples were prepared in the following way. Firstly, each side of the plate specimen was ground, then one surface of the samples were mechanically ground using the emery papers followed by polishing using 0.25 mm diamond slurry, and finally washed in acetone with an ultrasonic cleaner. The diffusion couples were assembled as Ni/Ni-5Al-5X and Ni-5Al/Ni-5X. These couples were held tightly with molybdenum holders. Alumina fibers were sandwiched between the samples of the couple as a marker to find the initial interface.
Each diffusion couple was encapsulated in a quartz tube with argon and annealed at 1250 C. The duration was 48 h for Ni-5Al/Ni-5W couple, 110 h for Ni/Ni-5Al-5W couple and 192 h for the couple containing Re. After the annealing, the section of each diffusion couple was examined by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) to measure concentration profiles across the diffusion interface. The origin of the concentration profile is located at the position of the alumina fiber. Figures 1 and 2 show the concentration profiles obtained from the diffusion couples of Ni-Al-W system and of Ni-AlRe system, respectively. All concentration profiles exhibit the S curve without any discontinuity, indicating that the diffusion occurred within the phase. The diffusion path was obtained by plotting the data of Figs. 1 and 2 into the Gibbs triangle. The result is shown in Fig. 3 . The composition at the cross point of the diffusion path was Ni-2.4Al-3.3W in the Ni-Al-W system, and Ni-2.5Al-4.3Re in the NiAl-Re system. These compositions are used for calculating interdiffusion coefficients by the modified BoltzmannMatano method as will be shown in the next section.
Results

Concentration profile and diffusion path
Interdiffusion coefficients
On the basis of the modified ternary Boltzmann-Matano method (eqs. (1), (2) and (3)), interdiffusion coefficients were obtained in the following way. Firstly, Y i values are calculated from the experimental data in Figs. 1 and 2 and plotted against x. Also, the relationship between C i and C j was calculated from the experimental data. (Y i , C i and C j are defined in eqs. (1), (2) and (3)). Secondly, in order to obtain suitable functions representing the Y i -x profile and the C i -C j profile, the least square fitting was carried out. Thirdly, both the derivative terms and the integration terms in eqs. (1) and (2) were calculated using the functions. In particular, in the integration range of eqs. (1) and (2), the x value was determined from the composition at the cross point of the diffusion paths in Fig. 3 , and the integration value corresponds to the area of Y i -x profile. These procedures using the data obtained from the two different diffusion couples give a set of simultaneous equations. Finally, the interdiffusion coefficients were obtained by solving the simultaneous equations. The result is shown in Table 1 . In the table, the interdiffusion coefficients of Ni-W and Ni-Re binary systems (0 < c < 0:034) obtained by Karunaratne et al. 6) are also listed as the reference. The values in the table are the interdiffusion coefficients at the compositions of Ni-2.4Al-3.3W and Ni-2.5Al-4.3Re in the phase. The major interdiffusion coefficientD D Ni XX of Re was lower by about an order of magnitude than that of W. This correspond to the difference in the diffusivity of these two elements in Ni-based superalloys. 1) This lower diffusivity of Re is consistent with the result in the binary data listed in Table 1 . On the other hand, the cross interdiffusion coefficientD D Ni XAl were minus in the both ternary systems.
Fu et al. calculated the vacancy formation energy and the barrier energy of migration in Ni-X binary system (X:4d and 5d transition metal), 7) and suggested that the barrier energy of Re migration was larger than that of W, while the vacancy formation energy of W was as large as that of Re. This report indicates that the difference in diffusivity between Ni-W and Ni-Re binary system is attributable to the difference in the barrier energy of migration rather than that in the vacancy formation energy. 
Discussion
Interaction between refractory element and Al
According to Kirkaldy et al., the relation between the major interdiffusion coefficient and the cross interdiffusion coefficient can be expressed by the following equation if the alloy is assumed as dilute solution.
where " ij is the Wagner's interaction parameter between i and j elements and C i is the mole fraction of i element. If the Wagner's interaction parameter is positive, the segregation tendency exists between i and j elements, and the activity between the two elements exhibits a positive deviation from the Raoult's law. In contrast, if the Wagner's interaction parameter is negative, the ordering tendency exists between them and the activity exhibits a negative deviation from the Raoult's law. In the latter case, there is a trend toward making the intermetallic compounds. Table 2 shows the Wagner's interaction parameters evaluated from the interdiffusion coefficients listed in Table 1 . In both compositions of Ni-2.4Al-3.3W and Ni-2.5Al-4.3Re, the interaction parameters were negative values, and the absolute value of Re was larger than that of W. This indicates that an attractive force exists between Al and Re or Al and W. This is consistent with the appearance of the Ni-Re and the Ni-W binary phase diagrams, which show many intermetallic compound phases.
Behavior of Re and W in the Ni-based superalloys
during homogenization In the phase of both Ni-Al-W and Ni-Al-Re systems, Re and W diffuse to diminish the concentration gradients of them. But they diffuse toward the region of high Al content, because the cross interdiffusion coefficientsD D
Ni
XAl are negative. In the as-cast Ni-based superalloys, Re and W segregate in the dendrite core. 1) Meanwhile, Al concentration in the interdendritic region is higher than that in the dendrite core.
9) The compositions from interdendritic region to the dendrite core can be expressed schematically as Table 1 are both negative, the concentration gradient of Al existing from the dendrite core to the interdendritic region should promote the W and Re diffusion from the dendrite core to the interdendritic region. This promotion effect for Re may be stronger than that for W because the absolute value of the interaction parameter of Re is larger than that of W (see Table 2 ). But the 
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Refer to Karunaratne et al. Table 2 Wagner's interaction parameters evaluated from the interdiffusion coefficients listed in Table 1 .
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Wagner's interaction parameter homogenization of Re in Ni-based superalloys is more difficult than that of W. This indicates that the effect of the cross interdiffusion coefficient is not so strong as that of the major interdiffusion coefficient. The low diffusivity of Re in Ni-based superalloys is attributable to the small major interdiffusion coefficients. If the energy barrier for Re migration in Ni is lowered by the addition of other alloying elements, or if an element enhancing the effect of the cross interdiffusion coefficient exists, the low diffusivity of Re in Ni will be improved.
Conclusions
(1) At Ni-2.4Al-3.3W ( phase) and Ni-2.5Al-4.3Re ( phase), the major interdiffusion coefficientD D Ni XX of Re was lower by about an order of magnitude. It correspond to the difference in diffusivity of the two elements in Ni-based superalloys. 
